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Attrition of Ca-based adsorbents is a subject of interest that determines the efficiency of the Ca-looping process for CO2

capture. In this article, we report an experimental test to assess the mechanical strength of cohesive Ca-based adsorbents
based on particle sizing by laser diffractometry. In this technique, the powder sample is dispersed, either by a high velocity
air jet (dry dispersion) or by a liquid before the particle size distribution (PSD) is measured. In the dry dispersion unit,
particle aggregates are subjected to high energy collisions intended to cause their fragmentation. The PSDs obtained at a
low dispersive air pressure for calcined CaO shows that there is a remarkable population of large aggregates due to strong
van der Waals of attraction. A second population consists of compact small aggregates, which are relatively stronger due to
material sintering at interparticle contacts. As the dispersive air pressure is increased, these aggregates are broken. Their
size scales as a power law of the jet air velocity in agreement with the prediction of a fracture mechanics theory of brittle
materials. In contrast, the population of large aggregates of a modified adsorbent, consisting of a CaO/nano-silica
composite, is not significative, which can be attributed to the effect of nano-silica in decreasing the van der Waals attractive
force. Moreover, the small compact aggregates of the composite are broken at a lower rate with the dispersive air pressure.
The enhanced strength of these composite aggregates is further supported by the PSDs obtained for samples dispersed in a
liquid and previously excited by high energy ultrasonication. VVC 2012 American Institute of Chemical Engineers AIChE J,
59: 1096–1107, 2013
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Introduction

The study of CO2 adsorbents based on CaO powders has
become a topic of increasing interest in the recent years due
to their potential use in industry for efficient capture of CO2

by means of the Ca-looping process.1 The Ca-looping pro-
cess is realized by means of two interconnected circulating
fluidized beds. The Ca-based adsorbent reacts in the fluid-
ized bed carbonator with the CO2 to form CaCO3 (lime-
stone) at temperatures around 650�C. The spent adsorbent is
then regenerated by calcining it at high temperatures (typi-
cally between 850 and 1100�C) in a second fluidized bed re-
actor (calciner) interconnected with the carbonator. In the
calciner, CaCO3 decomposes to yield CaO and a pure stream
of CO2 ready to be compressed and transported for sequestra-
tion. Another technology that might benefit from the Ca-loop-
ing process is steam methane reforming to produce hydrogen
from natural gas. In the so-called sorption enhanced steam
methane reforming (SE-SMR) process, higher methane to
hydrogen conversion and improved energy efficiency are
achieved by on-line capture of CO2 while steam methane
reforming and water gas shift reactions take place.2

The CO2 capture capacity of Ca-based adsorbents
decreases with increasing the number of calcination–carbo-
nation cycles, which is mainly attributed to the decrease of
the reactive surface area as a result of material sintering dur-
ing calcination.1,3 A large amount of the current research on
this issue is thus aimed at the development of modified
adsorbents with improved long-term capture performance.1

A further common drawback that affects the performance of
the Ca-looping process is particle size reduction due to attri-
tion and particle shrinkage.1,4 Experimental results show that
attrition of limestones in fluidized beds depends on particle
properties, bed temperature, heating rate, calcination time,
and fluidizing gas velocity.5–7 As a common feature, particle
size distribution (PSD) analyses of limestones used in Ca-
looping pilot-scale tests indicate a high attrition rate during
first calcination.1,8,9 Upon subsequent cycling, the attrition
rate is reduced, but the continuous decrease of particle size
still poses a problem for the scaling-up of the Ca-looping
process.1 Some natural limestones used in a pilot-scale Ca-
Looping process were found to be particularly fragile during
the initial calcination and the first few hours of circulation,
showing a particle size reduction by a factor of around two.8

The low strength exhibited by calcined limestone has also
been reported by Scala et al.6 from experiments in which the
samples were subjected to collisions against a target by high
velocity air jets. Thus, not just the thermal stability of newly
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developed synthetic adsorbents, but also their mechanical
stability, should be a key subject of research.1 Even though
there are few studies addressing the resistance to attrition of
synthetic adsorbents, it seems clear that the use of additives
or alteration of the material morphology has a significant
effect on their mechanical strength. Manovic and Anthony10

observed that synthetic adsorbents consisting of pellets pre-
pared using Ca(OH)2 and calcium aluminate cement lost
strength after many carbonation/calcination cycles, and they
attributed it to the development of cracks. Pacciani et al.11

showed that synthetic adsorbents containing mayenite suf-
fered a lower degree of attrition than those supported on
MgO, which was attributed to the reaction occurring
between Al2O3 and CaO during the formation of mayenite.

In general, an important cause of attrition in industrial proc-
esses involving fluidization is the so-called secondary frag-
mentation due to collisions against targets. This mainly takes
place in the jetting region of the fluidized bed and in the exit
region of the riser and the cyclone of circulating fluidized bed
reactors.6,12 Single particle impact attrition tests show that the
impact attrition rate R and the impact velocity v are related by
the power law R ! vk, where the so-called impact attrition
index k is around k ¼ 2 for crystalline materials and depends
on internal and surface defects and particle structure.13 In the
experimental work reported by Scala et al.6 on impact frag-
mentation of calcined limestone, the attrition rate was shown
to follow this power law, with k ^ 1.3 throughout a range of
impact velocities between 10 and 80 m/s. In fluidized beds
used in industry applications, attrition is mainly produced by
the impact breakage of particles entrained into the air jets
ejected from perforated orifices at the gas distributor plates.13

Particle velocities vp in the jet are smaller than the orifice gas
velocity vg (vp rarely exceeds 10 m/s, while vg can be larger
than 60 m/s13). By coupling a hydrodynamic model, which
was useful to compute the particle velocities as a function of
the orifice gas velocity, to single particle attrition tests,13 Gha-
diri et al.13 arrived also at a power-law dependence of the attri-
tion rate on orifice gas velocity R ! vdg. According to experi-
mental data reviewed by Boerefijn et al.,14 the attrition rate
caused by air jets in fluidized beds of catalyst particles in a
range of gas velocities between 50 and 300 m/s could be well
fitted by this power law, with d increasing from 1.5 to 2.9 as
particle size was increased from 75–90 lm to 106–125 lm.

In the experimental work reported in the present article,
the PSDs of predispersed Ca-based adsorbents are measured
by laser-difractometry. Dispersion is performed by subjecting
the powder to a high-velocity air jet. The evolution of the
PSD as the dispersive air pressure is increased gives an idea
of the possible attrition of particles as due to mechanical col-
lisions generated in the dispersion unit. This method has
been recently proposed15,16 to quantify particles’ attrition in
the pharmaceutical industry instead of the standard time-con-
suming granule breaking strength test. The experimental
results reported in this paper indicate that the use of nano-
silica as additive serves to enhance the resistance to attrition
of calcined CaO.

Materials and methods

The Ca-based adsorbent used is a commercial Ca(OH)2

powder (Merck). Primary particle size in this powder is in
the range of microns as seen in SEM images (Figure 1a),
particle density (determined by an AccuPyc 1330 Pycnome-
ter) is 2.36 g/cm3, and the BET surface area is 16.3 m2/g

(measured by N2 physisorption analysis). Because of the
prevalence of attractive van de Waals forces between pri-
mary particles over their weight, these particles join into
agglomerates of size between tens and hundreds of microns.
A modified adsorbent (presented in Ref. 17) was prepared by
a physical dry mixture of Ca(OH)2 with a nanostructured
silica powder (Aerosil

VR

R974 from Degussa). Primary silica
nanoparticles of this powder aggregate during the flame syn-
thesis process at high temperatures, forming fractal aggre-
gates wherein nanoparticles are permanently held together
by strong chemical bonds because of material sintering18

(see Figure 1b). Nano-silica aggregates form highly porous
agglomerates due to attractive van der Waals forces of size
on the order of tens of microns (see Figure 1c).19

The use of nanopowders as flow conditioners of fine cohe-
sive powders is well documented in the literature.20 The
interparticle attractive force between fine particles whose
surface has been uniformly coated with hard nanoparticles
such as silica nanoparticles is decreased, which improves the
powder flowability and fluidizability. To this end, the mixing
method has to be sufficiently effective to achieve a uniform
surface coating. Dry coating techniques such as magnetic
assisted impaction coating and ball milling are useful to
improve the dispersion of silica nanoparticles onto the host
particles of the fine cohesive powder. Using these techni-
ques, the nanoparticle agglomerates are disrupted down to a
submicrometer scale, and the powder particles are coated
during collisions, yielding a uniform nanoparticle coating of
the host particles.20 Besides decreasing cohesiveness, nano-
particle coating can be useful to increase the mechanical
strength of the composite material.21 In our study, we have
chosen the simplest process to mix the Ca(OH)2 powder
with the silica nanopowder, just consisting of dry physical
mixing by hand. Our motivation to use this simple process
was to keep the costs and technical difficulties associated with
preparation of the modified adsorbent as low as possible.

After dry physical mixing, the silica nanoparticle agglom-
erates that remain unbroken are seen to be coated by small
Ca(OH)2 aggregates (Figure 1d), which can be attributed to
contact charging. When two insulators with different dielec-
tric constants are in contact, it is energetically favorable that
the one with the higher dielectric constant donates electrons
to the other, as can be seen from the correlation between
the order of materials in the triboelectric series and their
dielectric constant.22 The relative dielectric constant of
Ca(OH)2 is 11.8, while that of SiO2 is around 4.4.23 It is
therefore likely that strong electrostatic forces of attraction
are established at the contact between nano-silica and
Ca(OH)2 since both materials are placed at the distant
extremes of the triboelectric series.22

The light silica nanoparticle agglomerates, which fluidize
easily, play the role of carriers of the cohesive Ca(OH)2 par-
ticles, providing them with a vehicle for improved fluidiza-
tion. Since the Ca(OH)2 aggregates become better dispersed
and the fluidizability of the composite is enhanced, the CO2

adsorption performance in a fluidized bed is improved as
shown in Refs. 17 and 24. Thermo-gravimetric tests, at con-
ditions close to the Ca-Looping process, have shown also
that carbonation in the fast stage is accelerated for the com-
posite adsorbent due to the increase of the effective contact
surface between CO2 and the adsorbent, and the residual
capture capacity is increased because of enhanced thermal
stability.25 In this work, the mechanical strength of calcined
samples of the original adsorbent (Ca(OH)2) and the
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modified one (Ca(OH)2/nano-silica composite with 15% by
weight of nano-silica) will be investigated.

As our goal is to investigate the mechanical strength of
the adsorbents after calcination, raw samples were preheated
in an oven up to 850�C at a rate of 6�C/min and kept at
850�C for 45 min. SEM micrographs of the calcined samples
are shown in Figure 2. Figures 2b, 2c show material sinter-
ing at the contact between nano-silica and CaO, which gives
rise to the formation of calcium silicates as can be seen in
the XRD pattern obtained for the calcined CaO/nano-silica
composite (Figure 2d).

Pore size distributions for raw and calcined samples of the
original and modified adsorbents are shown in Figure 3a
(obtained by means of a TriStar II 3020 V1.03 physisorption
analyzer operated by N2 sorption at 77 K). Figure 3b shows
typical tiny crystals on the surface of raw Ca(OH)2. The
morphology of the Ca(OH)2 particles’ surface is changed af-
ter dehydration and sintering caused by calcination. Figure
3c shows dendritic like structures developed after calcination
with a typical length larger than the crystals seen in the raw
sample. As a consequence, the pore size distribution is
shifted to larger pore sizes (Figure 3a). The pore distribution
of the modified adsorbent is less distorted, which indicates a
higher thermal stability as seen in the SEM images of raw
and calcined samples shown in Figures 3d, e. This can be
also inferred from measurements of the BET surface area,
which decreased from 16.3 m2/g for the fresh original ad-

sorbent to 13 m2/g after calcination whereas it decreased
from 40 to 37.7 m2/g after calcination for the modified ad-
sorbent. As will be seen, material sintering and reaction
between nano-silica and CaO during calcination will also have
an effect on the mechanical stability of the adsorbent.

After being calcined, the powders were sieved using a
sieve with 710 lm nominal opening size (ISO 3310-1). The
PSDs of the sieved samples were obtained by means of a
Mastersizer 2000 (Malvern Instruments). This instrument
measures particle size by laser diffractometry of a predis-
persed sample according to the international standard for
laser diffraction measurements ISO13320-1. Laser diffrac-
tometry is based on the principle that particles passing
through a laser beam will scatter light at an angle that is
directly related to their size. The diameter of the sphere that
yields an equivalent light scattering pattern to the particle
being measured corresponds approximately to the sphere of
equivalent average cross-sectional area. As laser diffraction
is a volume-based technique, the dynamic range covered is
quite broad (between 0.02 and 2000 lm), allowing for the
detection of well-dispersed particles as well as, in the case
of fine cohesive powders, big aggregates.26 Dispersion of the
aggregates may be achieved either by air or a liquid. Air dis-
persion is performed using a Scirocco 2000 dry accessory
(Figure 4). In this dispersion unit, the dry powder sample is
placed in a vibrated tray and falls into the main feed mecha-
nism, whose entrance is a wire sieve filled with ball

Figure 1. (a) SEM picture of the Ca(OH)2 powder (as received) used in this work.

(b) TEM picture of nano-silica aggregates as formed due to particle sintering (c) SEM picture of a nano-silica agglomerate. (d)

SEM picture of a nano-silica agglomerate coated with Ca(OH)2 particles in the Ca(OH)2/nano-silica composite. Images (a), (c) and

(d) were taken using a JEOL 6460LV microscope. Image (b) was taken using a Philips CM200 TEM microscope.
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bearings. The ball bearings smooth the flow of the sample
and also help to break up loose agglomerates. As the sample
falls through the sieve it is accelerated by compressed air
within a venturi against and around a bend as schematized
in Figure 4, which helps to further break the agglomerates.
Then, the sample changes direction and goes out from the
dispersion unit, sliding on the wall of a tube in a spiral
motion until it finally arrives at the measuring cell. Accord-
ing to the International Standard for particle size analysis
using Laser Diffraction methods (ISO 13320), all the par-
ticles should ideally have the same approximate velocity in
the measurement zone to avoid velocity bias in the results.
Control of the air dispersive pressure is provided over a
range between 0.1 and 3 bar, which generates air jet veloc-
ities between � 10 and � 70 m/s.15 For aggregated particles,
the shear stresses generated by these high velocities, as well
as mechanical collisions in the case of strong aggregates,
should break the aggregates. Usually, strongly cohesive
aggregates cannot be fully dispersed at low pressures. Conse-
quently, the amount of fine particles is observed to increase
upon increasing the dispersive air pressure as the efficiency
of dispersion is improved.27 Calvert et al. have correlated
the dispersion efficiency in the Scirocco unit to the bulk
powder cohesiveness as measured by a Schulze ring shear
tester.27 A good dispersion is achieved if the size distribution
remains nearly constant with increasing pressure. Dry pow-

ders can be also dispersed in a liquid (ISO 14887). Wetting
particles’ surface by the dispersant molecules of the liquid
decreases their surface energy, thus reducing interparticle
contact forces, which would serve to create a suspension of
individual particles. The wet sample dispersion unit used in
our work is the Hydro 2000S, which comprises an electric
motor that drives a stirrer and impeller in the dispersion tank
to provide a simultaneous stirring and pumping action that
moves the agitated sample to the cell located in the optical
bench via the sample tubing. In the case of strongly bound
agglomerates, liquid dispersion can be further assisted by
high energy ultrasonic irradiation. Ideally, the PSDs obtained
from proper dry and liquid dispersion should be similar.
However, fragmentation of low strength materials may occur
from high energy collisions during dry dispersion, which
would yield a particle size reduction. High energy ultrasoni-
cation in liquid dispersion might also cause particles attrition
to a great extent by their interaction with collapsing cavities
in the liquid.28 If the powders have followed a pretreatment,
or have been prepared, involving high temperatures, primary
particles may be held together by strong chemical bonds due
to material sintering,18 thus forming strong compact aggre-
gates that can be considered as effective porous particles.

In our work, we investigated the mechanical strength of
calcined samples of the Ca-based adsorbents above described
from the PSDs obtained by both dry and liquid dispersion.

Figure 2. (a) SEM picture of CaO after Ca(OH)2 calcination.

(b) and (c) SEM pictures of the CaO/nano-silica composite after calcination. (d) XRD pattern of a calcined CaO/nano-silica com-

posite. Images (a), (b) and (c) were taken using a HITACHI Ultra High-Resolution S-5200 microscope. The XRD pattern was

obtained by means of a Bruker D8 Advance powder diffractometer equipped with a high temperature chamber.
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The PSDs of dry dispersed samples were obtained in the
range of pressures from 0.1 to 3 bars. In liquid dispersion,
2.5 g of presieved sample was added to 100 ml of 2-propa-
nol (as recommended for Ca-based materials according to
ISO 14887). The effect of pre-ultrasonication was also stud-
ied by subjecting the liquid suspension to high energy ultra-
sonic irradiation (150 W, 40 kHz) for 10 min before taking
it to the liquid dispersion unit.

Experimental results

In Figure 5, we show the PSDs obtained from raw
Ca(OH)2 and calcined CaO obtained by wet dispersion
(ultrasonication assisted) to look for primary particle size.
Note that calcination gives rise to a slightly different PSD
when compared to the PSD of fresh Ca(OH)2. Even though
the average primary particle size is around 3 lm in both
cases, a remarkably larger population of large particles (of

size larger than 10 lm) and a smaller population of fine par-
ticles (of size smaller than 1 lm) is observed in the PSD of
fresh Ca(OH)2. This result suggests that ultrasonication
causes the breaking of calcined particles as due to a lower
mechanical strength.

Figure 4. Sketch of the dry dispersion unit to measure
particle size by laser diffractometry.

Figure 3. (a) BJH desorption (dV/dD) pore volume distributions for the (a) original (Ca(OH)2) and (b) modified
(Ca(OH)2/nano-silica composite) adsorbents before and after calcination at 850�C.

(b) SEM picture of fresh Ca(OH)2. (c) SEM picture of calcined CaO. (d) SEM picture of fresh Ca(OH)2/nano-silica composite. (e)

SEM picture of calcined CaO/nano-silica composite.
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PSDs (volume distributions) of dry dispersed samples
using the lowest dispersive pressure (p0 ¼ 0.1 bar) are plot-
ted in Figure 6. As can be seen, the distribution of calcined
CaO shows three well differentiated peaks at sizes d2 ^ 417
lm, d1 ^ 25 lm, and d0 ^ 3lm. The population centered
around d1 would indicate the presence of CaO aggregates
corresponding to the relatively small Ca(OH)2 aggregates
observed in SEM images of the fresh sample (Figure 1). Ma-
terial sintering at interparticle contacts within these aggre-
gates during calcination would give rise to strong bonds
between the particles. Due to the high cohesiveness of CaO,
large aggregates (with a size even larger than the sieve open-
ing size) are seen to be formed after sieving because of
attractive van der Waals forces between the small aggre-
gates. The population centered around d2 ^ 417 would cor-
respond to the presence of these large, loose aggregates
formed by van der Waals attractive forces after calcination.
Their significant population for calcined CaO at small dis-
persive pressures indicate that many of them could not be
broken by the � 10 m/s air jet. In the case of the calcined
CaO/nano-silica composite, the population of these relatively
large aggregates is not remarkable. Moreover, this population
is centered around a smaller size (d2 ^ 275 lm) compared
to calcined CaO. This reveals the effectiveness of nano-silica
in improving the powder flowability by reducing van der
Waals attractive forces and thus avoiding the formation of
large aggregates. Finally, the PSDs exhibit a small popula-
tion of particles centered around a size d0 ^ 3 lm. As seen

in SEM images and PSDs of the pre-ultrasonicated powders
(Figure 5), this value is around the average size of the
primary particles of CaO.

Figure 5. SEM pictures of Ca(OH)2 (a) and CaO obtained from Ca(OH)2 calcination (b).

To obtain these SEM images the samples were predispersed by a high pressure gas jet on the slide of a HITACHI Ultra High-Re-

solution S-5200 microscope. (c) PSDs obtained by dispersing the samples in 2-propanol with previous ultrasonication. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 6. Particle size volume distributions of calcined
CaO and calcined CaO/nano-silica composite
measured for the minimum value of the dis-
persive air pressure (0.1 bar).

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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The PSDs obtained as the dispersive air pressure p0 is
increased are plotted in Figure 7. A main feature is that d1

and d2 are decreased as p0 is increased, as might be expected
due to the breaking of both large and small aggregates. In
the case of calcined CaO, the marked decrease of the
population of the large aggregates indicates their low resist-
ance to mechanical stresses, as might be expected since they
are formed by van der Waals attractive forces. As these
loose large aggregates are broken into small compact aggre-
gates, the population of large aggregates decreases while the
population of small compact aggregates is increased. The
size of the small compact aggregates d1 decreases steadily as
the dispersive air pressure is increased, indicating that the
collisions produced by the high velocity air jet have suffi-
cient energy to break sintered CaO contacts. At the largest
pressure (p0 ¼ 3 bar), d1 is decreased down to a value
similar to the primary particle size. In the case of the
CaO/nano-silica composite, since the population of large
loose aggregates is small, the main effect of jet air disper-
sion is only to break the small compact aggregates. In con-
trast with the case of calcined CaO, their population
decreases as the dispersive pressure is increased since the

number of small compact aggregates generated by the break-
ing of the small population of large, loose aggregates is not
significant. Note, however, that the trend in the population
of small compact aggregates is reversed when the dispersive
pressure is increased above 0.5 bar. At higher pressures, the
height of the peak is increased with the dispersive air pres-
sure, which suggests that the aggregates broken above 0.5
bar have a size larger than d1 for the most part. Moreover,
the value of d1 does not decrease further when the dispersive
air pressure is increased above 2 bar and reaches a constant
value around d1 ^ 6 lm, indicating that in the case of the
calcined CaO/nano-silica composite, even the highest disper-
sive air pressure (producing air jet velocities of about 70 m/
s) cannot break small aggregates into primary particles.

Figure 8a shows d1 as a function of the dispersive air pres-
sure p0 for calcined samples of CaO and CaO/nano-silica
composite. As can be observed, d1 decreases at a lower rate
with p0 for the calcined CaO/nano-silica composite when
compared to the case of calcined CaO. Figures 8b–d show
values of average particle sizes as calculated from different
statistical analysis. As seen in Figure 9b, the evolution of the
volume median diameter with the dispersive air pressure can
be fitted to a power law hdpi ¼apb0, where b would indicate
the rate of reduction of the average aggregate size with the
dispersive air pressure. According to the experimental data, it
is b ¼ �0.72 for CaO and b ¼ �0.51 for the CaO/nano-silica
composite. Likewise, the decrease of the surface weighted
mean D[3,2] and volume weighted mean D[4,3] with p0 is
lessened for the CaO/nano-silica composite, further indicating
the higher mechanical strength of the modified adsorbent.

PSDs of calcined CaO and CaO/nano-silica samples
obtained using the wet dispersion unit, along with the PSDs of
the samples dispersed by high velocity air jet at the minimum
and maximum dispersive pressures (p0 ¼0.1 and 3 bar), are
compared in Figure 9. Let us first analyze in detail the PSDs of
calcined CaO. As can be observed, the PSD of the ultrasoni-
cated sample exhibits a well-defined peak centered around a
size d�1, which is similar to the value obtained using dry disper-
sion at 3 bar [d�0^ d0 (3 bar) ^ 3 lm] and would correspond
to the average size of primary CaO particles. Even though cal-
cination might have yielded sinterization of contacts within the
compact aggregates, these aggregates are broken by ultrasoni-
cation and for the most part also by the highest velocity air jet
in dry dispersion. Conversely, the PSDs of calcined CaO/nano-
silica obtained by wet dispersion show a qualitatively distinct
feature. These distributions appear to be bimodal. The PSD of
pre-ultrasonicated calcined CaO/nano-silica exhibits a well-
defined peak also centered around the value d�0 ^ 3 lm, which
might likely be due to the breaking of compact aggregates of
CaO particles that were not mixed with the nano-silica and to
the erosion of primary CaO particles from the composite
aggregates. Nevertheless, the other peak is centered around a
value d�1, which is similar to the value of the peak obtained for
the PSD of the air-dispersed sample at the lowest dispersive air
pressure [d�1 ^ 25 lm ^ d1 (0.1 bar)], which suggests that
ultrasonication is not capable of breaking the CaO/nano-silica
composite aggregates. This result is reminiscent of the use of
nano-silica as additive in high performance cement-based
materials, which has been shown to enhance their compressive
strength and abrasion resistance.29

Discussion

In accordance with the PSDs obtained and SEM observa-
tions described in the previous section, let us consider the

Figure 7. Particle size volume distributions of samples
of calcined CaO and calcined CaO/nano-
silica composite as affected by the dispersive
air pressure.

The inset of (b) shows the results for different samples of

the same adsorbent in order to demonstrate reproducibil-

ity of the data. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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compact, small aggregates in the calcined samples as effec-
tive porous particles of size d1, wherein contacts between
primary particles are sintered during calcination and which
can aggregate further due to van der Waals forces to form
large, low strength aggregates. The results show that, besides
of the effect of nano-silica in decreasing van der Waals force
of attraction, which reduces the formation of large loose
aggregates, an additional benefit of the use of this additive is
that the composite aggregates of the modified sorbent exhibit
a relatively higher mechanical strength when compared to
the compact aggregates of calcined CaO. In this section, we
will analyze the results inferred from the PSDs on the break-
ing of these compact aggregates due to mechanical collisions
generated in the dry dispersion unit.

According to single particle impact tests,6 the type of frac-
ture mechanism of calcined CaO due to collisions against a
target is strongly dependent on the nature of the material, on
its preprocessing, and on its impact velocity. Fragmentation
of raw limestone in impact tests is significant in the range of
impact particle velocities vp between 10 and 45 m/s, which
fits the typical values of gas jet velocities in practical applica-
tions.6 Using a mechanistic model to analyze the impact attri-
tion of particles by impact against a target, Ghadiri and
Zhang30 proposed the equation f !q v2

pdpH/K2
c to account for

the fractional loss of material (f) due to semi-brittle fracture.
Here, the relevant material properties included are particle
density q, characteristic particle size dp, material hardness H,
and material fracture toughness Kc. The trends of the experi-
mental results on single particle impact tests agreed with the
predictions of this model for ionic crystals (MgO, NaCl, and
KCl),31 as well as for catalyst particles.14 According to SEM
images of the debris of ionic crystals particles after impact,
the inferred primary mechanism of attrition was chipping.31

Material removal was observed to mainly occur from the cor-
ners and edges of the particles by the propagation of subsur-
face lateral cracks, leading to the generation of a limited
number of fragments of a size much smaller than the parent
particle size. In the case of catalyst particles, the debris con-
sisted mainly of burrs and micro-spheroids that fractured
from the agglomerate.14 In attrition caused by air-jets, there
is a strong effect of the structure of the jet on the breakage
mechanism.13,14 As seen for catalyst particles, the impact
mechanism predominates when the size of the orifice is larger
than particle size.13,14

The PSDs obtained by Scala et al.6 suggested that frag-
mentation of raw limestone also took place by chipping at
impact velocities smaller than 25 m/s but that splitting was
the dominant mechanism at higher impact velocities, that is,

Figure 8. Evolution of effective particle sizes of the modified and original adsorbents as a function of the disper-
sive air pressure.

(a) d1: size at the peak of the PSDs for the population of small compact aggregates. The solid line is a power law fit to the data for

calcined CaO (d1 ¼ 6.283p�0:648
0 ). The critical particle size for fragmentation dc calculated from Eq. 7 (dc ¼ 48.59p�0:637

0 ) is also

plotted. (b) Volume median diameter. Solid lines are best power law fits to the data (hdpi ¼ 7.12p�0:717
0 for the original adsorbent

and hdpi ¼ 10.424p�0:511
0 for the modified adsorbent). (c) Surface area moment mean diameter (Sauter mean). (d) Volume moment

mean diameter (De Brouckere mean). Results obtained for different samples of the same adsorbent are shown in (b) to demon-

strate reproducibility of the data. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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particles broke into a relatively small number of fragments
of a size comparable with the parent particle size. On the con-
trary, the PSDs obtained for calcined and recarbonated lime-
stones were indicative of the generation of a large number of
small fragments by an extensive loss of particle connectivity.6

Previously reported impact tests suggested that the transition
between chipping and fragmentation failure modes occurred
on calcined and sulphated limestones at impact velocities
above 10 m/s.5 At higher impact velocities, according to SEM
images, the cracks due to impact did no longer curve out
towards the particles’ surface but crossed the particles, causing
their splitting into relatively large fragments.5

Unfortunately, the current setup of the laser diffractometer
apparatus used in our experiments does not allow for the
recovery of the material for SEM analysis to have an idea of
the type of fragmentation mechanism. Nonetheless, this in-

formation may also be indirectly inferred from a careful
analysis of the evolution of the PSDs (Figure 7). Accord-
ingly, the PSDs obtained as the dispersive air pressure is
increased suggest that splitting of the compact aggregates is
the main fracture mechanism. Otherwise, a marked separate
population of primary particles should appear due to erosion
of the compact aggregates.

Using Weibull’s statistical analysis on the fragmentation
mechanics of brittle materials,32 Yashima et al. obtained the
fracture stress causing splitting fragmentation of nearly per-
fect spherical specimens under slow-rate compression due to
the presence of minute flaws or cracks in the material.33,34

Since flaws or cracks can vary substantially in size, shape,
and type, large variations in strength are expressed in terms
of a failure probability, which is a power-law function of the
stress. The strength of a given particle is thus determined by
the weakest crack and depends on the particle volume.
Assuming that cracks are randomly distributed and that there
is a constant density per unit volume, the number of cracks
increases as the particles size increases. The energy required
to fracture a particle of size dp can be expressed by the
equation E0 ¼ Cd

ð3m�5Þ=m
p , where m is Weibull’s coefficient

of uniformity and C is a constant depending on the Young
modulus and Poisson’s ratio of the material.33,34 Assuming
that the kinetic energy of a particle that collides with a
grinding medium is completely converted into fracture
energy causing fragmentation, as in their experimental study
on crushing of single spheres, Yashima et al.33 obtained that
the impact velocity required for fracturing a particle can be
related to its size according to the equation

vp ¼ Kd�5=2m
p (1)

where K is a constant depending on material properties. The
variation of the impact velocity with particle size is influenced
significantly by the values of m. From their experimental
results in crushing tests, Yashima and coworkers33,34 found
that Weibull’s coefficient varied from 2.6 to 24.9 depending
on the type of material.33 In general, the values of m are low
for soft materials but tend to be high for hard materials. Large
coefficients indicate a weaker particle-size dependence of the
fracture energy. Thus, the effect of particle size decreases with
increasing the value of m, which tends toward infinity for ideal
materials. The Weibull coefficient reported for limestone was
m ¼ 3.2 and for glass (borosilicate glass and quartz glass),
which is a harder material, was m ¼ 5.93.

As in our experiment, the randomly distributed interpar-
ticle contacts within compact aggregates might be expected
to have different levels of strength due to degree of material
sintering at contacts, the use of the above theory to describe
their fragmentation seems to be justified. Nevertheless, a cor-
relation must first be found between the air jet velocity and
the actual particles’ velocity at impact in the Scirocco dry
dispersion unit used in our experiment. Note that the geome-
try of the dispersion unit differs from that of a fluidized bed
where attrition occurs due to the entrainment of the particles
in air jets ejected from perforated orifices at the gas distribu-
tor plate. As schematically represented in Figure 4, a diluted
cloud of aggregates falls in the dispersion unit into the
region of the downwards pointing air jet. These aggregates
are then accelerated up to a velocity that would be deter-
mined by the air velocity, the system geometry and the colli-
sions between aggregates. Let us assume that aggregates can
be considered as individual spherical particles of mass mp.

Figure 9. Particle size volume distributions of calcined
samples of the original (Ca(OH)2) and the
modified (Ca(OH)2/nano-silica composite)
adsorbents for dispersive air pressures of 0.1
bar and 3 bar, and PSD of a calcined sample
of the original adsorbent dispersed in propa-
nol by stirring it using a wet dispersion unit.

The PSD of a sample dispersed using the wet dispersion

unit and previously subjecting it to ultrasonic fragmenta-

tion is also shown. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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The acceleration of a particle when it experiences the gas
drag force caused by the air jet is governed by Newton’s
second law of motion

mp

dvp

dt
¼ FD (2)

where vp is the particle’s velocity and FD is the gas drag force,
which is given by

FD ¼ 1

2
cDApqgðvg � vpÞ2

(3)

where Ap is the cross-sectional area of the particle qp is the
particle density, qg is the gas density, and cD is the drag
coefficient. In the case of spherical particles, it is Ap ¼ (1/
4)pd2

p, mp ¼ (1/6)qpd
3
p, and the drag coefficient can be

approximated by the equation35

cD ’ 24

Rep

þ 6

1 þ
ffiffiffiffiffiffiffiffi
Rep

p þ 0:4 (4)

where Rep is the particle’s Reynolds number Rep ¼ qgvpdp/g,

and g is the gas dynamic viscosity. Equation 4 is a valid

approximation within an extended range of Reynold’s number

(0 \ Rep \ 2 � 105).35

Examples curves of the particle’s velocity obtained by
numerically solving Eq. 2 assuming that the gas velocity vg is
constant are plotted in Figure 10. Figure 10a shows vp as a

function of time for a typical gas velocity vg ¼ 40 m/s and for
different values of particle size. vp is represented as a function
of vg at t ¼ 0.01 s (Figure 10a), t ¼ 0.1 s (Figure 10b), and
t ¼ 1 s (Figure 10c). As can be seen, the time for the particles
to reach the gas velocity is a strong function of particle size.
Particles smaller that 10 lm reach the gas velocity in less that
a tenth of a second. The velocity of particles of size on the
order of tens of microns equals the gas velocity in less than a
second and particles with size of a few hundred of microns
require about 1 s to attain the gas velocity. These times would
be smaller if we take into account that the density of the
aggregates is smaller than the particle density that has been
used for the calculations. In Figure 10c, the curve correspond-
ing to a porous particle (using a porosity of 0.5) of size dp ¼
25 lm is plotted, showing that these effective particles reach
the jet velocity in about one tenth of a second.

Assuming that attrition is mostly caused by impacts occur-
ring after all of the aggregates have reached a velocity simi-
lar to the gas velocity (vp � vg) and using Eq. 1, it can be
estimated that an aggregate with a size larger than a critical
size dc ! v

�2m=5
g will collide with sufficient kinetic energy

for fracturing. The probability of an aggregate of having a
size dp � dc would be

Pðx ¼ dp � dcÞ ¼
Z 1

dc

P0ðxÞ dx �
1

dc

Z 1

dc

x P0ðxÞ dx

� 1

dc

Z 1

0

x P0ðxÞ dx ¼
hdpi0

dc

ð5Þ

Figure 10. (a) Velocity of a particle vp in a gas stream (gas velocity vg 5 40 m/s) as a function of time for different
values of particle size (indicated).

(b) vp as a function of vg at t ¼ 0.01 s. (c) vp as a function of vg at t ¼ 0.1 s. (d) vp as a function of vg at t ¼ 1 s. The solid line in

b, c, and d indicates vp ¼ vg. Physical parameters used for the calculations are particle density qp ¼ 2360 kg/m3, gas viscosity

g ¼ 1.8 � 10�5, gas density qg ¼1.25 kg/m3. The red thick line in (b) shows the curve obtained for a particle of size 25 lm and

internal porosity 0.5. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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where P0(x) and hdpi0 are the probability density function
and average aggregate size before fragmentation, respec-
tively. Equation 5 is usually known as Markov’s inequality
in mathematical statistics theory.36 When an aggregate of the
sample in our experiment collides with a velocity vp, the
probability that it is fragmented scales proportionally with
its probability of having a size dp � dc. As vg is increased,
dc is decreased, and thus a larger fraction of particles will be
fragmented. From Markov’s inequality, it is thus plausible
that the fraction of fragmented particles scales as f ! 1/dc

! v
2m=5
p . Using m ¼ 3.2 (as reported for limestone from in-

dependent measurements by Yashima and co-workers33,34),
we obtain f ! v1:28

p . Note that the exponent of this theoreti-
cal power law is a very similar value to the experimental
exponent obtained for the fractional mass of fragments in
impact tests on calcined limestone by Scala et al. (k ^
1.3),6 which suggests that Eq. 1 might be useful to estimate
the level of attrition suffered by Ca-based adsorbents due to
impacts.

In our experiment, the gas jet velocity vg and the disper-
sive air pressure p can be approximately related by the
Darcy–Weisbach equation37

p0 ¼ Av2
g (6)

where A is a constant depending on the pipe geometry and the
density of the fluid. At p0 ¼ 3 bar, the air speed is vg ^ 70 m/s.15

Thus, A^ 6.1 � 10�4 (bar s2) m2 (13 m/s [ vg [ 70 m/s in the
range of dispersive pressure applied). Yashima et al.33 calcu-
lated, using the theory described above, that a typical value of
the impact velocity required to fracture a 100 lm sized
limestone particle was 23 m/s,33 which fits in the range of air
jet velocities in the laser diffractometry measurements. Using vg

¼ 23 m/s, dp ¼ 100 lm, and m ¼ 3.2 in Eq. 1, the value of the
constant K for limestone can be estimated and, from Eqs. 1 and
6, the critical particle size for fragmentation would be

dc ¼
p0

AK2

� ��m=5

(7)

Equation 7 is plotted for limestone in Figure 8a along
with experimental data on the size for compact small aggre-
gates (d1) inferred from the measured PSDs on dry dispersed
samples of calcined CaO. As can be seen, d1 scales propor-
tionally to the predicted critical size for fragmentation. In
the experiments reported by Yashima et al.,33 the required
impact velocity for fracturing relatively harder glass particles
was larger than 100 m/s. It was 114 m/s for silica (quartz)
and 225 m/s for borosilicate.33 This would explain why in
our experiments the addition of nano-silica makes the com-
posite compact aggregates harder, which would serve to
lessen their size reduction (Figure 8a).

Conclusion

Attrition tests have been reported for Ca-based adsorbents
based on particle sizing by means of laser diffractometry. In
this technique, the material is dispersed using a high velocity
air jet capable of fragmenting the aggregates due to mechan-
ical collisions. The PSDs obtained as a function of the dis-
persive air pressure serve to evaluate the resistance to attri-
tion of the Ca-based adsorbent. From the PSD of calcined
CaO at low dispersive pressures, two types of aggregates
have been identified. Compact sintered aggregates, of size

around 25 lm, form large loose aggregates due to attractive
van der Waals forces that are rapidly broken as the disper-
sive air pressure is increased. The compact aggregates are
progressively broken as the dispersive air pressure is
increased down to primary particles at the highest air-jet
velocities (of about 70 m/s). In the case of the modified
adsorbent consisting of CaO/nano-silica composite, van der
Waals forces are decreased and the population of large loose
aggregates is remarkably diminished. The size of the rela-
tively small, compact CaO/nano-silica aggregates decreases
with the dispersive air pressure at a lower rate when com-
pared to CaO, which can be explained by the hardening
effect of nano-silica. This is confirmed by the PSDs obtained
by dispersing pre-ultrasonicated samples in a liquid.
Although ultrasonication could break the CaO aggregates
down to the level of primary particle size, it was inefficient
in breaking the Ca/nano-silica aggregates. From the evolu-
tion of the PSDs of dry dispersed calcined samples as the
dispersive air pressure is increased, it is inferred that the
attrition mechanism is mainly due to splitting of the sintered
aggregates in a relatively small number of fragments of a
size comparable to the parent aggregate size. Using Wei-
bull’s statistical analysis on the fracture mechanics of brittle
materials, it is predicted that the average aggregate size
decreases due to attrition proportionally to a critical size for
particle fragmentation dc ! v

�2m=5
0 , where m ^ 3.2, which

agrees with the experimental results obtained.
In this article, we studied the mechanical strength of

adsorbents after calcination. It would be interesting, how-
ever, to test in a future work the mechanical strength of the
adsorbents after many carbonation–calcination cycles. Never-
theless, it must be noted that experimental studies reported
in the literature indicate that attrition in the Ca-looping pro-
cess mostly occurs after first calcination.
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